The marine-cloud brightening geoengineering technique has been suggested as a possible 10 means of counteracting the positive radiative forcing associated with anthropogenic 11 atmospheric CO 2 increases. The focus of this study is to quantify the albedo response to 12 aerosols injected into marine stratocumulus cloud from a point source at different times of 13 day. We use a cloud-resolving model to investigate both weakly precipitating and non-14 precipitating regimes. Injection into both regimes induces a first indirect aerosol effect. 15
(LT) and 08:00:00 LT respectively) and 0.01 in the evening (18:00:00 LT). No cloud 23 develops when injecting into the cloud-free early afternoon (13:00:00 LT). However, the all-24 sky albedo increases (which include both the indirect and direct aerosol effects) are highest 25 for early morning injection (0.11). Mid-morning and daytime injections produce increases of 26 0.06, with the direct aerosol effect compensating for the lack of cloud albedo perturbation 27 during the cloud-free early afternoon. Evening injection results in an increase of 0.04. For the 28 weakly precipitating case considered, the optimal injection time for planetary albedo response 29 is the early morning. Here, the cloud has more opportunity develop into a more persistent 1 non-precipitating regime prior to the dissipative effects of solar heating. The effectiveness of 2 the sea-spray injection method is highly sensitive to diurnal injection time and the direct 3 aerosol effect of an intense aerosol point source. Studies which ignore these factors could 4 overstate the effectiveness of the marine cloud brightening technique. 5 6
Introduction 7
Geoengineering schemes have been proposed that decrease the amount of solar radiation 8 reaching the Earth's surface, creating a cooling effect that could potentially ameliorate future 9 greenhouse gas driven warming (Lenton and Vaughan, 2009 ). One such scheme, the marine-10 cloud brightening geoengineering proposal (Latham, 1990 (Latham, , 2002 , aims to brighten low cloud, 11 generating a negative radiative forcing from the cloud albedo increase. The original proposal 12 assumed that this albedo increase could be achieved by the deliberate enhancement of the 13 indirect aerosol effect through the injection of aerosols into the marine boundary layer from 14 unmanned wind-powered vessels (Salter et al., 2008) . 15 Marine cloud brightening has been simulated in both Global Circulation Models (GCMs) and 16 higher resolution cloud-resolving models. GCMs have difficulty representing the highly 17 inhomogeneous aerosol concentration associated with aerosol injection from a single spraying 18 vessel, but are able to simulate the large-scale response of the atmosphere and ocean (when 19 combined with an ocean model). aerosol effect, resulting largely from areas of low cloud cover. Whilst the increasingly 2 complex global models are able to represent interactions between injected aerosols, 3 background aerosols, clouds and the climate, large uncertainties remain, especially at the 4 cloud process scale (Wang and Feingold, 2009a, b) . Aerosol injection processes and marine 5 stratocumulus (MSc) dynamical processes occur at scales of tens of meters, and therefore can 6 only be examined in detail using cloud-resolving models. 7
Using a cloud-resolving large-eddy simulation (LES), Wang et al., (2011) found that the 8 albedo response to aerosol injection is regime dependent. Heavy precipitation largely 9 scavenging out the injected aerosol, whilst heavily polluted clouds showed little albedo 10 change owing to the already high albedo. Dry regimes offset increased N d with losses from 11 increased evaporation of the smaller particles. Only weakly precipitating regimes and low 12 CCN conditions (possibly following heavy precipitation) were effectively altered by aerosol 13 injection. The emission of aerosols into individual grid cells (rather than a uniform aerosol 14 increase over the domain as a whole) was used to simulate aerosol emission from individual 15 spraying vessels. This technique, hereinafter described as point source injection, was found to 16 induce complex dynamical feedbacks in precipitating regimes -associated with the buffered-17 system nature of clouds (Stevens and Feingold, 2009 ) -and a spatially inhomogeneous albedo 18
response. This small-scale inhomogeneity deviates from the inherent uniformity of both 19 aerosol injection and cloud response of global scale models. 20
The diurnal cycle of MSc in GCMs is produced using parameterisations (for example, of 21 entrainment). The simulated diurnal cycle is thus sensitive to the performance of these The wet deposition scheme used does not allow for re-suspension of aerosols during the 27 evaporation of rain droplets and hence is likely to lead to an overly strong aerosol sink (Saide 28 et al., 2011) . 29
The horizontal domain size was 9 km x 9 km with grid cell resolution of 300 m. (Fig. 2) and 27 dynamical and physical processes (Fig. 3) . 28
Cloud-top LW radiative cooling (Fig. 3c ) produced a band of negative buoyancy atop positive 29 cloud layer buoyancy (Fig. 3d ). This negative buoyancy produced turbulent kinetic energy 30 Fig. 3a) . The SW radiation, present during the day, offset this cloud-top 2 cooling, reducing the TKE and mixing through the boundary layer. The reduced vertical 3 transport of moisture from the surface was evident in an accumulation of total water mixing 4 ratio at the surface during the day (Fig. 3g) . As the SW radiation dissipated into the second 5 night, the TKE recovered, allowing improved mixing within the boundary layer. ( Fig. 2f) . Even during the night, the cloud and boundary layers were not well coupled. 17
Turbulence was largely confined to the cloud layer, as was vertical velocity variance, and the 18 boundary layer became stratified (Fig. 3g) . During the daytime, the continuation of to inhibit precipitation formation (Fig. 4d) . 6
As in the WP case, LW cloud-top radiative cooling (Fig. 5c ) produced a band of negative 7 buoyancy at the cloud top ( Fig. 5d ) that resulted in TKE (Figs. 5e and 5f). Cloud-top radiative 8 cooling was stronger in the NP case than in the WP case, resulting in a stronger vertical 9 velocity variance ( Fig. 5a ) and a better mixed/less stratified boundary layer ( (Fig. 4c) . Similarly, whereas the daytime cloud fraction in the WP case fell 21 to zero, in the NP cases this minimum was maintained at 15% for NP-Pa, and 5% for NP-Ch, 22 recovering to 90% for both cases into the night (Fig. 4e) . Cloud was also maintained at a 23 higher fraction for longer, with slower dissipation into the day, and a shorter period of low 24 cloud fraction. Owing to the inverse relationship between cloud droplet radius and optical 25 thickness, the higher cloud average N d for NP-Ch caused the domain average calculated cloud 26 albedo to be consistently higher than the NP-Pa case, despite the lower cloud fraction and 27 LWP values (Fig. 4f) . This cloud albedo also showed a diurnal cycle, ranging from (Fig. 2g) Cloud-top height decreased by 150 m over the 35 hour simulation, with the decrease being 1 more exaggerated during the day as turbulence levels decrease. There was additionally a 2 diurnal cycle in cloud base height, with the base rising during the day, causing cloud thinning 3 to around 100m. The cloud doubled in thickness during the night. These cloud height 4
properties were similar for both NP cases. 5
Whilst there were some similarities between processes in the WP and NP clouds (albeit of 6 differing strength), one area of disparity was the vertical velocity skewness -a measure of the 7 relative strengths of updrafts and downdrafts ( Fig. 3b and 5b ). In the NP control cases, strong 8 downdrafts driven by the cloud top LW radiative cooling descended towards the surface, 9 producing a negative skewness throughout the boundary layer. This was in contrast to the WP 10 case, which showed positive skewness within the cloud layer, and negative skewness below. 11
The diurnal patterns shown in the control cases were similar to previous simulations of the 12 diurnal cycle in marine stratocumulus. For example, LWP magnitudes were similar to those cycle. This increase ranged from a five-fold increase (to 117 cm -3 ) for injection into the low 5 cloud fraction during the day (13:00:00 LT), to an increase of almost 17 times the original 6 concentration (to 234 cm -3 ) for injection in the mid-morning (08:00:00 LT) ( Table 2 ). These 7 N d increases were sufficient to reduce the domain mean precipitation rate by up to 88% 8 averaged over the time where SW radiation was present in the 5 hours subsequent to injection. 9
However, no change occurred for injection into the cloud-free early afternoon at which time 10 background precipitation has already ceased, or for evening injection (18:00:00 LT) where 11 precipitation rates had not yet recovered. The precipitation decreases produced an increase in 12 LWP compared to the control case of 43% for early morning injection (03:00:00 LT), and 13 114% for mid-morning injection. In addition to LWP increases, injecting aerosols into cloudy 14 conditions resulted in an increase in cloud fraction. Early morning injection doubled the cloud 15 fraction while mid-morning injection tripled the cloud fraction. The cloud fraction, and 16 associated perturbations were negligible for day and evening injections. Aerosol injection also 17 affected the cloud height, particularly when injected into the dissipating cloud in the early and 18 mid mornings. Here, the cloud top descent seen in the control case was replaced by cloud top 19 height maintenance (Fig. 6) . A slight cloud top increase was also seen for evening injection, 20 although as this is into the post-SW growth phase of the cloud, the perturbation is less 21 marked. Again, no cloud changes occurred when injecting into the cloud-free early afternoon. (where 1 mg -1 is equal to 1 cm -3 for an air density of 1 kg m -3 ). As there was no precipitation 20 to prevent, no precipitation change occurred ( Table 2 ). The LWP changes were small (up to 21 2%), with small losses during the NP-Ch morning. Cloud fraction, cloud top and cloud base 22 heights all showed negligible perturbations. Whilst the magnitudes of  CC were generally 23 significantly smaller for the NP cases compared to the WP cases, these were also sensitive to 24 the timing of injection. For NP-Pa no perturbation was produced for mid-morning injection, 25 although a  CC of 0.04 resulted from early morning injection. This peak value was only 13% 26 of the maximum  CC reached when injecting into the WP cloud. For the more heavily 27 polluted NP-Ch case, the pattern was repeated, although where  CC occur, the magnitude 28 was less than half that of the NP-Pa case. 29
The  AS was similarly significantly lower than for the WP case. The maximum  AS 30 obtained for the NP cases occurred for injection into the day (0.02) and was around a sixth of 31 However, the relationship was non-linear and tended to flatten at higher aerosol injection rates 7 (Table 3 ). The opposite relationship occurred for day and evening injections, with decreasing 8 N d as aerosol injection rates increased. Precipitation rates were uniformly reduced across all 9 injection rates for the early and mid-morning. The LWP showed small increases with aerosol 10 injection rates for the early and mid morning injection times, as did the cloud fraction. The 11  CC also increased with increasing aerosol injection rates for both the early and mid morning 12 injections (Fig. 9) . This relationship was non-linear, showing a flattening gradient at higher 13 aerosols injection rates. For example, the rate of  CC increase with respect to increase in 14 injection rate reduced to a third for the higher injection rates (SA0.25 to SA0.5) into the cloud 15 in the mid-morning compared to the lower injection rates (SA0.1 to SA0.25). This reduction 16 was just under a half for injection into the early morning cloud. Injecting into the cloud-free 17 conditions of the WP early afternoon produced no  CC , regardless of aerosol concentration. 18 Increasing the injection rate between SA0.1 and SA0.5 also had little effect on  CC when 19 injecting into the recovering evening cloud. 20 The effect of increasing the aerosol injection rates on  AS also varied through the diurnal 21 cycle. The  AS showed a positive correlation with increasing injection for early and mid 22 morning injection. Again, the rate of  AS increase with injection rate was non-linear, the 23 gradient of the response typically halving for the higher injection rates. This relationship was 24 again weaker for the evening, with little variation in the  AS for different injection rates. The 25  CS again showed a non-linearly increasing response. 26 cloud-top skewness of the control case becomes more negative after injection (Fig. 6b) . The 21 effectiveness of this morning injection is consistent with the hypothesis proposed by Wang et 22 al. (2011) . Whilst the immediate impact of aerosol injection into the clouds in the evening is 23 reduced owing to the lack of SW radiation, regime change may continue through the night, 24 persisting into the subsequent day. Indicators of regime change do not occur for injection into 25 the cloud-free early afternoon, regardless of aerosol injection rate. The lack of rapid cloud 26 response for daytime injection may allow the aerosols to disperse horizontally within the 27 boundary before being drawn into the cloud region by updrafts during the subsequent night. 28
As the aerosols will then cover a larger horizontal extent, the local concentration of aerosols 29 will be diminished, and the pattern of aerosol uptake will be altered. For example, Wang et al. 30 (2011) found that albedo enhancement was larger for uniform compared to point source 31 injection in their weakly precipitating case, however, the converse was true in a more heavily 32 Considering the effect of aerosol injection on planetary albedo changes in the WP case 3
suggests that an asymptotic limit in increasing the  AS may lie above SA0.5 (Fig. 9) . 4
Injection rates greater than SA0.5 led to unphysical model outputs and simulation failure . 5 This demonstrates that the large aerosol fluxes proposed in order to cover large areas of the 6 ocean produce an extreme response if emitted from a point source. The effects of these locally 7 high aerosol concentrations prior to dispersion are not considered in the uniform aerosol 8 application assumed in global models. 9
The disparities between calculated  CC and  AS in the WP case for early and mid-morning 10 injections (Figs. 7 and 9 ) suggests that the large  CC are not being fully achieved in the 11 planetary albedo response. We suggest that the high concentration of aerosols emitted via the 12 point source injection technique contribute towards this disparity through an 13 offsetting/tempering effect. The high concentration of injected aerosols emitted from the point 14 source produced large increases in cloud droplet number concentration, particularly in the 15 early/mid morning and evening WP cases (Table 3) in the modelling of mildly absorbing organic aerosols internally mixed in sea-salt aerosols at 5 mass fractions as low as 10% (Randles et al., 2004) . Attenuation of upward radiation may also 6 result from increases in total water mixing ratio above the cloud top (Fig. 6d) , associated with 7 the transported aerosols. 8
The apparent offsetting/tempering role of the direct effect increases with increasing injection 9 rate, demonstrated by the increasing disparity between  CC and  AS in the early and mid 10 morning cases (Fig. 9) . However, this is not sufficient to overcome the increasing  CC and 11
 AS with aerosol injection rate (Fig 9) . As simulations carried out at the global scale are 12 unable to represent the locally high aerosol concentrations associated with an aerosol point 13 source, they are unable to simulate this effect. Based on these simulations, the optimal point in the diurnal cycle for all-sky planetary albedo 1 response is early morning injection into the weakly precipitating cloud regime. This results 2 from a large second indirect aerosol effect that would contribute to a more negative radiative 3 forcing and cloud conversion towards the more persistent non-precipitating regime. Whilst the 4 direct aerosol effect increases all-sky planetary albedo during the cloud-free early afternoon, 5 the lack of cloud changes suggests that this enhancement may be shorter-lived. The high local 6 concentrations of aerosols (associated with the point source injection) leads to changes in the 7 cloud system that cause interstitial aerosols to accumulate above the cloud. The direct effect 8 of these overlying aerosols appears to mask (or temper) increases in cloud albedo. 9
The sensitivity of all-sky planetary albedo change to aerosol injection time during the diurnal 10 cycle -particularly for the weakly precipitating regime -suggests that studies that omit this 11 feature may overestimate all-sky planetary albedo increases, although the presence of a direct 12 aerosol effect at cloud-free times would ameliorate this. Deleted: 8
